We have investigated critical scaling behavior of Barkhausen avalanches of two-dimensional Co and MnAs films using time-resolved magneto-optical microscopy, enabling to image Barkhausen avalanches at criticality. A stochastic analysis of the fluctuating size of Barkhausen jumps from numerous repetitive experiments shows a power-law scaling behavior in both systems. Strikingly, it is found that the variation of scaling exponent in the power-law distribution is closely correlated with the variation of the domain-evolution patterns. This result is understood by the fact that both the scaling exponent and the domain-evolution patterns strongly depend on the relative contribution between the dipolar interaction and domain wall energies.
I. INTRODUCTION
It is well-known that a ferromagnetic system displays a sequence of discrete and jerky domain jumps when an external magnetic field is applied, known as the Barkhausen avalanche. 1 Recently, the Barkhausen avalanche has attracted increased interest exhibiting dynamical critical scaling behavior, evidenced by a power-law distribution of the Barkhausen jump size. [2] [3] [4] [5] [6] Similar scaling behavior is observed in a wide variety of other physical phenomena such as superconductor vortices, 7 microfractures, 8 earthquakes, 9 lung inflations, 10 mass extinctions, 11 and charge-density waves. 12 The most interesting unsolved question in the research of critical scaling phenomenon is whether a scaling exponent of the power-law distribution exists and whether these exponents are universal. So far, most experimental studies on Barkhausen criticality have been carried out on three-dimensional bulk systems by using a classical inductive technique. [2] [3] [4] [5] However, the measured scaling exponents reported in the literature span a relatively wide range of values despite the same dimensionality. [2] [3] [4] [5] Thus, whether the universality or the universal law in the scaling exponent exists or not has been questioned and our understanding is far from complete. Moreover, there have been very few experiments on Barkhausen criticality of two-dimensional ͑2D͒ ferromagnetic thin films due to the low signal of the inductive method. 13 Recently, even though the reliable experiment based on a magneto-optical Kerr effect measurement has been carried out in 2D Fe ferromagnetic film, 6 the experimental value of the scaling exponent is quite different from the values predicted by the existing models. [14] [15] [16] So, to better understand the Barkhausen criticality as well as to clarify the reason for the disagreement between theories and experiments, direct observation of the Barkhausen avalanches in 2D ferromagnetic films is needed. In this article, we report critical scaling behaviors of Barkhausen avalanches of 2D Co and MnAs films using time-resolved magneto-optical microscopy, enabling to directly visualize Barkhausen avalanches at criticality.
II. EXPERIMENTAL PROCEDURE
For this study, we have chosen 2D ferromagnetic Co and MnAs films with uniaxial in-plane magnetic anisotropy as these samples exhibit simple 180°domain walls during the Barkhausen avalanche. The Co thin films were prepared on glass substrates by dc magnetron sputtering technique with the film thickness ranged from 5 to 50 nm, smaller than a typical domain wall width of Co. The uniaxial in-plane magnetic anisotropy in the Co films was induced by applying a magnetic field during the sample preparation within the sputtering chamber. On the other hand, the MnAs film with the film thickness of 50 nm was epitaxially grown on GaAs͑001͒ substrate by molecular-beam epitaxy technique. Details of the growth conditions are described in the literature. 17 The uniaxial in-plane magnetic anisotropy in the MnAs film is originated from the appearance of magnetocrystalline anisotropy with an easy plane MnAs͓0001͔, depending on the epitaxial conditions of the film with respect to the substrate: MnAs͑1100͒ ʈ GaAs͑001͒, MnAs͓0001͔ ʈ GaAs͓110͔, and MnAs͓1120͔ ʈ GaAs͓110͔. The MnAs film has a well-defined strong uniaxial magnetic anisotropy on the sample plane with an easy axis MnAs͓1120͔, an intermediate axis MnAs͓1100͔, and a hard axis MnAs͓0001͔. The atomic force microscopic and magnetic force microscopic studies of the MnAs film showed that ferromagnetic ␣-and nonferromagnetic ␤-phases were formed with periodic stripe patterns, where the stripes were aligned along the MnAs͓0001͔. Temperature-dependent magnetic property of the MnAs film was investigated using superconducting quantum interface device measurement. The saturation magnetization M S was found to decrease as the temperature increases. The decrease of M S with increasing temperature is ascribed mainly to the decrease of the ferromagnetic ␣-MnAs volume ratio with increasing temperature, as confirmed by temperaturedependent x-ray diffraction measurement.
We directly observed domain-evolution patterns during the Barkhausen avalanche at criticality in 2D ferromagnetic films by means of magneto-optical microscope magnetometer ͑MOMM͒ system, capable of real-time direct domain observation, as schematically shown in Ref. 20 . The MOMM system basically consists of a polarizing optical microscope set to observe magnetic contrast via a longitudinal magnetooptical Kerr effect with the spatial resolution of 400 nm at 500ϫ magnification and an advanced charge-coupled device set to store domain images onto a computer with an imagegrabbing rate of 30 frames/ s in real time. The Barkhausen avalanche was triggered by applying approximately 99% of the coercive field to an initially saturated sample. Using the MOMM system, the Barkhausen avalanches at criticality were directly visualized in real time and characterized from serial time-resolved domain images. To measure the temperature-dependent domain-evolution patterns in the MnAs film, the sample could be heated to a maximum of 80°C using a heater placed at the sample stage.
III. RESULTS AND DISCUSSION
In Fig. 1 , we demonstrate three representative domainevolution patterns of 25 nm Co film as well as 50 nm MnAs film, observed successively on exactly the same area of the sample at the room temperature by means of the MOMM system. Here, the color code at the bottom of the figure represents elapsed time from 0 to 4 s. It should be noted that simple 180°domain walls exist during magnetization reversal, expected from the uniaxial in-plane magnetic anisotropy in both systems. One can clearly see that the magnetization reversal in each sample shows a sequence of discrete and jerky domain jumps. Moreover, the occurrence of the domain jumps seems to be random with respect to interval, size, and location, as clearly seen from the three representative domain images. From these results, it can be concluded that the domain jumps observed in both systems correspond to the Barkhausen avalanches in a critical state.
It is interesting to note that domain-evolution patterns during Barkhausen avalanche in both systems differ from each other. The domain-evolution pattern in the 25 nm Co film exhibits the domain wall structure with a tilted domain wall angle with respect to the easy axis, as clearly seen in Fig. 1͑a͒ . This domain-evolution pattern is essentially the FIG. 1 . ͑Color online͒ Representative domain-evolution patterns and the corresponding magnetization reversal curves of ͑a͒ 25 nm Co ͑Ref. 20͒ and ͑b͒ 50 nm MnAs films ͑Ref. 27͒, observed successively on exactly the same area of the sample at the room temperature by means of the MOMM system. Note that simple 180°domain walls exist during magnetization reversal, expected from the uniaxial in-plane magnetic anisotropy in both systems.
same in the other Co films with different thicknesses ranging from 5 to 50 nm. On the other hand, the domain-evolution pattern in the MnAs film shows the sawtooth domain wall structure with the sawtooth angle. Interestingly, the sawtooth angle increases with temperature and it becomes nearly 180°a t T = 35°C, as shown in Fig. 2 . We witness that the randomness in the domain-evolution patterns exists at all temperature.
Generally, a sawtooth domain wall structure appears in a 2D ferromagnetic film with a uniaxial in-plane anisotropy to reduce the magnetic charge density when two opposite domains meet head on. 17 The sawtooth angle 2 determined by the relative magnitude between the domain wall energy ␥ w and the dipolar interaction energy 4M S 2 t is approximately given by
where t is the sample thickness. One can notice from Eq. ͑1͒ that the increase of the sawtooth angle with the temperature in the MnAs film is mainly ascribed to the decrease of the dipolar interaction energy, induced by the decrease of M S with the temperature. 21 To be specific, a larger M S at 20°C causes a small sawtooth angle to reduce the dipolar interaction energy, while a smaller M S at 35°C causes a large sawtooth angle to minimize the domain wall area. The tilted domain wall structure observed in the Co film could be interpreted as a part of a large sawtooth domain structure with a very small sawtooth angle. Such a small sawtooth angle in the Co film is understood by much larger M S , compared in the MnAs film.
From numerous repetitive experiments, it was found that the distribution of the Barkhausen avalanche sizes in both systems shows power-law scaling behavior, as demonstrated in Fig. 3 . Note that the cutoff size in the power-law distribution is strongly dependent on the size of the field of view, which reveals that the cutoff in the power-law distribution of the present systems is due to the finite-size effect of the field of view. Interestingly, we can find that the scaling exponent in the Co films is invariant with the film thickness within the experimental error, as shown in Fig. 3͑a͒ . Considering that the number of defects in a film increases with increasing film thickness, the universality in the scaling exponent with respect to the film thickness is quite interesting. This reveals that the variation of the number of defects in the Co films does not affect the scaling exponent, consistent with the recent theoretical studies. 9, 16 A striking feature in the Barkhausen criticality in the MnAs film is the observation of the systematic variation of the scaling exponent with the temperature. As the temperature increases, the scaling exponent varies continuously from 1.32 to 1.04, as shown in Fig. 3͑b͒ . This result shows the fact that the scaling exponent in the Barkhausen criticality in a given ferromagnetic system can be tuned in a controllable manner between specific limits.
The systematic variation of the scaling exponent could be understood by a crossover scaling behavior between two universality classes, [22] [23] [24] [25] depending on competition between the domain wall energy and the dipolar interaction energy. In a ferromagnetic film with uniaxial in-plane anisotropy, the equation of motion for the domain wall is expressed as the sum of the different energy terms of the magnetostatic energy, domain wall energy, dipolar interaction energy, and pinning potentials by disorder. 4, 26, 27 In a result, the interaction kernel J͑q͒ of the domain wall in the momentum space is expressed as a linear combination of the dipolar interaction ͑M S 2 / ͉͒q͉ and the domain wall surface tension ␥ w q 2 , as follows:
Generally, the form of the interaction kernel J͑q͒ has an important influence on the scaling exponent in the power-law distribution. For example, the interaction kernel at a larger M S 2 is approximated as J͑q͒ ϰ ͉q͉, where the dipolar interaction is dominant. This predicts a universality class with the scaling exponent =4/ 3. On the other hand, the interaction kernel at a smaller M S 2 is approximated as J͑q͒ ϰ q 2 , dominated by the domain wall surface tension, in which a universality class with the scaling exponent = 1 is predicted. Therefore, the scaling exponent continuously varying from 1.32 to 1.04 in the Barkhausen criticality of the MnAs system is ascribed to a crossover scaling behavior from the dipolar interaction energy dominant system to the domain wall energy dominant system, caused by a decreasing variation of M S 2 . In contrast, the scaling exponent of ϳ1.33 in the Co film is found to correspond to a single universality class in the critical scaling behavior. 15, 20 Interestingly enough, the scaling exponent in the powerlaw distribution is closely correlated with the domainevolution patterns. In other words, the scaling exponent is continuously varied from 1.33 to 1.04, depending on the variation of the domain-evolution patterns during the Barkhausen avalanches: the scaling exponent ϳ 1.33 in the MnAs film at T = 20°C and the Co film showing a small sawtooth angle, while the scaling exponent ϳ 1.04 is obtained in the MnAs film at T = 35°C showing a large sawtooth angle. In Fig. 4 , we have plotted the scaling exponent as a function of the sawtooth angle, where the sawtooth angle 2 was determined from the domain-evolution patterns in Figs. 1 and 2 . One can see a clear correlation between the scaling exponent and the sawtooth domain wall angle, providing evidence that the critical scaling behavior relates closely to the domain-evolution patterns. The strong correlation could be understood by Eqs. ͑1͒ and ͑2͒ because both the sawtooth angle and the scaling exponent in the equations strongly depend on the relative magnitude between the domain wall energy and the dipolar interaction energy.
IV. CONCLUSION
We have investigated the critical scaling behavior of Barkhausen avalanches of 2D Co and MnAs films with uniaxial in-plane anisotropy using a MOMM system, enabling to directly visualize the Barkhausen avalanches at criticality. From numerous repetitive experiments, the Barkhausen jump sizes in both films are found to reveal the power-law scaling behavior. The scaling exponent in Co films is found to be ϳ1.33 independent of a film thickness from 5 to 50 nm. On the other hand, the power-law distribution in MnAs film is found that the scaling exponent varies continuously from 1.32 to 1.04 as the temperature increases. It is found that the variation of the scaling exponent is closely related to the variation of the domain-evolution patterns. This result is ascribed to the fact that the scaling exponent as well as the domain-evolution patterns strongly depend on the relative contribution between the dipolar interaction and domain wall energies. 
